and comparative results. The increase in Antarctic sea ice and decrease in Arctic sea ice reported here are consistent with results from a General Circulation Model (GCM) study in which CO 2 levels were increased gradually (4) . Other GCM simulations, though, show slight decreases in Antarctic sea ice extent and thickness (3) . GCM simulations of CO 2 -induced climate change patterns generally agree on some large-scale features such as the amplification of wintertime warming at high northern latitudes but disagree particularly at high southern latitudes (25) . This study also indicates a surface air cooling over the Atlantic sector of the Southern Ocean in austral summer (the season when we observe a maximum positive trend in the ice extents). In these GCM experiments, the hemispheric difference in the climate response results in part from the influence of the thermal inertia of the much larger ocean area in the Southern Hemisphere. Sea ice growth in the Southern Ocean, along with slight lowering of the surface water temperature, are attributed to a general freshening of southern circumpolar surface water and the resultant reduction of convective mixing (3, 4) . The continuing sea ice data record shows significant interannual and decadal variability that helps provide the basis for developing a better understanding of the various processes driving the observed changes. , a correction for SMMR-SSMI differences was mentioned but none for SSMI F8-F11 differences. Bjørgo et al. used a two-step procedure to match ice concentrations for the SMMR-SSMI correction. Our matching of algorithm coefficients was somewhat comparable to their procedure, but then we additionally matched ice extents and areas during the overlap periods. 11. Each data set was subjected to careful quality control, including the identification and subsequent correction or removal of bad data. Residual instrumental drift in the SMMR radiances used in the sea ice algorithm was reduced, by means of a procedure used previously (26) , to values well below the instrument noise levels (8) . The SSMI drifts similarly determined were found to be below or at the instrument noise values (9) for the SSMI radiances used in the sea ice algorithm (19 GHz horizontally and vertically polarized, 22 GHz vertically polarized, and 37 GHz vertically polarized) and so were ignored. Data gaps were filled by performing spatial and temporal interpolations. Additional corrections made to the SMMR and SSMI single-day sea ice concentration grids included the removal of false sea ice signals in the vicinity of the shoreline and over ice-free ocean areas. These were accomplished through the application of a coastline correction algorithm operating on the three image pixels nearest the coast, and also of monthly climatological sea surface temperature thresholds. 12. The calculation of Arctic and Antarctic sea ice concentrations needed to compute sea ice extents and sea ice areas utilizes methods used previously for the SMMR (26) and SSMI (27) data sets. The details of generating a consistent set of sea ice extents and areas from the SMMR and SSMI sensors are discussed elsewhere (28) . Since the publication of this report (28) , DMSP F13 SSMI data through 31 December 1996 were added, but we followed the same procedure in preparing the data for analysis. 13 Many suboxic sediments and soils contain an Fe(II,III) oxide called green rust. Spectroscopic evidence showed that selenium reduces from an oxidation state of ϩVI to 0 in the presence of green rust at rates comparable with those found in sediments. Selenium speciation was different in solid and aqueous phases. These redox reactions represent an abiotic pathway for selenium cycling in natural environments, which has previously been considered to be mediated principally by microorganisms. Similar green rust-mediated abiotic redox reactions are likely to be involved in the mobility of several other trace elements and contaminants in the environment.
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The redox chemistry of polyvalent elements determines their solubility, bioavailability, and toxicity in geologic environments (1, 2) . This is apparent in the case of Se, which occurs in the environment in ϩVI, ϩIV, 0, and ϪII oxidation states and in several organic forms (2-4). Their concentration and biogeochemical transformations determine the activity of Se in the environment. Although Se is essential to animal life at low concentrations and its deficiency is known to cause white muscle disease in sheep, Se compounds at high concentrations are carcinogenic and teratogenic (4). The higher valent Se forms are more soluble, and their reduction in soil to the less reactive Se(0) form has generally been considered to be facilitated primarily by soil organic acids (5) and microorganisms (6, 7) . However, many suboxic geologic environments contain green rust (GR), which is a mixed Fe(II), Fe(III) oxide, and it has been shown to catalyze redox reactions (8-10 12 X ⅐ 3H 2 O (a 3 4, b 3 2, X ϭ interlayer anion), in the presence of Fe(III) and at pH Ͼ 4.0 and as Fe(OH) 2 in the absence of Fe(III) and pH Ͼ 8.0 (13) . The common presence of Fe(III) in all iron-containing soils and sediments prevents the formation of Fe(OH) 2 and promotes precipitation of GR. Hence, Se(VI) reduction at pH Ͼ 4.0 may occur by homogeneous reactions in aqueous phase and by heterogeneous reactions either on GR surfaces by adsorption and reduction or in GR interlayers by coprecipitation and reduction. GR converts to goethite (␣-FeOOH), lepidocrocite (␥-FeOOH), maghemite (␥-Fe 2 O 3 ), or magnetite (Fe 3 O 4 ), depending on the rate of oxidation and dehydration of GR (13, 14) . In our experiments, Se(VI) reduction with GR primarily produced magnetite. On the basis of these mechanisms Se(VI) reduction can be described by the following reaction:
which has a Gibbs free energy change (⌬G o R ) of Ϫ671.1 kJ. We examined these Fe(II)-mediated Se(VI) reduction reactions in closed systems and monitored changes in aqueous-and solid-phase Se speciation as a function of several variables pertinent to natural systems (15) . The GR we used had interlayers of SO 4
2Ϫ
, which can coexist with Fe(II) without redox state changes (11, 12) . We monitored in situ Se speciation using x-ray absorption near edge structure (XANES) and extended x-ray absorption fine structure (EXAFS) spectroscopy. The precipitate morphology and mineralogy were examined with transmission x-ray microscopy and x-ray diffraction. The energy position of the 1s34p electronic transitions of the Se K-absorption edge shifts to higher energies with an increase in oxidation state and hence is characteristic of the Se oxidation state [the Se ϩVI, ϩIV, 0, and ϪII oxidation states are at 12,665, 12,662, 12,658, and 12,656 eV, respectively] (16). We combined this information with EXAFS data to identify Se local coordination in aqueous and solid phases. Because EXAFS data collection takes several hours for dilute samples, the samples were examined at 10 K to avoid sample modifications. Se(VI) reduction rates at these low temperatures are extremely small. As discussed later, samples with pH less than 4.0 were examined at 298 K because they did not exhibit redox transformations.
In acidic solution (pH ϳ 3.5 Ϯ 0.5), where aqueous Fe(II) exists as Fe(H 2 O) 6 2ϩ without any GR precipitate, Se(VI) was not reduced within 160 hours of reaction. The XANES spectra of Se in these samples did not show changes in the energy position of the absorption edge with time (Fig. 1A) , which suggests that the Se oxidation state and its local coordination were the same in all samples. EXAFS studies of the same samples did not indicate the presence of Se(VI)-Fe(II) inner-or outer-sphere (ion pair) complexes, and the studies revealed that all added Se(VI) was in the form of uncomplexed (Table 1) . At pH 3.8 GR did not precipitate, and the spectra were collected for aqueous species (A and B). (The pH values are Ϯ0.5.) Se( VI) coprecipitates with GR in the case of samples (C) to (F), and the spectra correspond to the Se speciation in solid phase (F is the Se fluorescence yield and i 0 is the incident beam intensity). The marked peaks 1, 2, and 3 in the XANES spectra represent Se(0), Se(IV ), and Se( VI), respectively. Except for (A), the intensities of peaks 2 and 3 decrease and peak 1 increases with time. (Table 1 and Fig. 1B ). In contrast, aqueous Se(VI) was unstable in the samples prepared at pH Ͼ 5.0. Under these conditions GR precipitated initially and, in time, converted to magnetite and lepidocrocite at pH 7.0 and to only magnetite at pH 9.5 (Table 1 and Fig. 2) . The presence of GR and its oxidized products in these samples strongly influenced aqueousand solid-phase Se speciation. When Se(VI) was present during GR precipitation, the aqueous Se concentration dropped quickly [more than 48% in the first 0.01 hour (36 s)] and thereafter decreased slowly with a first-order rate (average rate constant k ϭ 1.31 Ϯ 0.63 ϫ 10 Ϫ2 hour Ϫ1 ) ( Table 2 ). However, the aqueous Se concentration gradually declined at a similar rate (average k ϭ 1.15 Ϯ 0.42 ϫ 10 Ϫ2 hour Ϫ1 ) when Se(VI) interacted with already precipitated GR. Although Se(VI) can be lost from the aqueous phase by homogeneous reduction to insoluble Se(0) in the presence of high pH Fe(II) species, such as Fe(OH) ϩ and Fe(OH) 2 0 , this reaction was not observed. These solutions were also below saturation for the known Se solids; hence, precipitation is not the mechanism for Se loss (17, 18) . These studies demonstrate the necessity of GR for Se(VI) transformations, which may be occurring both in the interlayers and on the external surfaces of GR.
Although aqueous Se speciation did not change at pH Ͼ 5.0, all precipitated GR samples exhibited Se(VI) reduction. The degree of reduction varied with pH, the nature of the reaction (coprecipitation versus adsorption), and the initial Fe(II) concentration (15) (Fig. 1, C to F) . Secoprecipitated GR samples reduced Se(VI) rapidly to Se(IV) at high pH when compared with those precipitated around neutral pH (Fig. 1, C and E) . Reduced Se(IV) formed bidentate binuclear (at pH 7.0 and 9.3) and edge-sharing complexes (at pH 9.3) with Fe polyhedra, but no Fe-selenite precipitate (Fig. 1, D and F) .
This coordination environment changed as the solid-phase Se(IV) was further reduced to Se(0), and GR oxidized simultaneously to magnetite and lepidocrocite. The EXAFS data indicate that the reduced Se(0) atoms occurred as amorphous Se clusters. At reaction times of more than ϳ60 hours, the Se-absorption edge of the solids shifted to energies lower than that of Se(0), which indicates that trace quantities of Se(ϪII) were in the system.
In reactions with previously precipitated GR surfaces, Se(VI) reduced directly to Se(0) without detectable accumulation of the Se(IV) intermediate (Fig. 3) . Also, Se(0) formed at a slower rate during these adsorption reactions than during the coprecipitation reactions discussed above. Such major changes in the Se speciation of the solid phase may have been a result of incorporation of Se(VI) into the interlayers of GR during coprecipitation and weaker Se(VI) interactions on GR surfaces during adsorption. The interlayer-trapped Se(VI) formed bidentate binuclear and edge-sharing complexes with structural Fe(II) and was reduced immediately to Se(IV), which in turn slowly converted to Se(0) and Se(ϪII). The invariance in the x-ray diffraction profiles of pure and Se-reacted GR and magnetite and the longer Se(0)-Fe distances of 3.85 Å (from EXAFS, Fig. 1 , D and F) suggest that Se(0) substitution inside these mineral structures is unlikely. Se(0) substitution in iron oxides was also not observed from electron microscopy studies (19) . On the basis of these results, we hypothesize that the reduction of interlayersubstituted Se(VI) to Se(0) may have promoted magnetite formation at the expense of GR, and the reduced Se(0) atoms formed clusters on surfaces. Although no direct We conclude that Se(VI) reduces to Se(IV) and Se(0) in the presence of GR. Although elemental Fe and Fe(OH) 2 are absent in nature, their reactions with Se(VI) in the laboratory produced similar redox transformations (15, 19) . Thermodynamically, Se(VI) should reduce to the most stable Se(ϪII) form in the presence of Fe(II), but we did not observe this species at high concentration. However, it can be a dominant species when the Fe(II) concentration is much higher and the reaction times are longer than those we considered. Se(VI) reduction by coprecipitation and adsorption pathways can occur when anoxic conditions are created in Se-contaminated sediments (16) [reductive dissolution of Fe(III) oxides precipitates GR with Se], as compared with the ion movement into the previously existing anoxic zones containing GR (dominantly adsorption). The Se(VI) transformation rates we measured are within the range of those reported from other laboratory and field studies on Se speciation in sediments and soils (20) (21) (22) (23) . The pore waters of several natural samples are also saturated with respect to GR, which indicates its probable presence in these systems. The rapid precipitation kinetics (13) and the flexible crystal structure of GR (24) may allow its formation under a variety of geochemical conditions. The reductive dissolution of Fe(III)-oxyhydroxides forms GR steadily in the anoxic sediments; hence, the concentration and final oxidation products of GR are not the limiting factors for the trace element redox reactions. GR-mediated redox reactions similar to those presented here can occur for other trace elements. For instance, studies on Cr(VI) and As(V) reduction have identified the importance of sediment Fe(II)-containing mineral phases as mediators of redox reactions, but attempts to identify these mineral phases are not complete (25, 26) . The rapid oxidation of GR poses a problem for its identification during conventional sediment mineralogical analysis, and for this reason this mineral has not been commonly recorded in sediments. However, recent thermodynamic and spectroscopic studies give direct evidence for the existence of GR in soils (8, 13) . The abiotic redox reactions we present provide direct evidence for the formation of reduced Se species in anoxic sediments. Although various strains of bacteria have been identified to facilitate Se(VI) reduction in soil and sediment systems, abiotic reactions with GR should be considered when evaluating trace element and major element redox dynamics in sediments and soils.
